A number of nuclear proteins important for the mainteResults nance of higher order genomic organization have been
. We also obtained the genomic Nup100, and Nup145c, however, do not show a significant correlation between transcriptional frequency and location profile of a set of nucleoporins from the central pore and nuclear basket of the NPC including Nic96, occupancy throughout their genomic localization profiles ( Figure 1C ). These differences may reflect functional Nsp1, Nup84, Nup100, and Nup116, which were not previously shown to interact with genes in any specific units of the nuclear pore, which will be discussed later. The Prp20 genomic localization profile was strikingly way. In addition to Cse1, we chose to compare the behavior of two other members of the karyopherin famcontrary to that of the other factors examined. While sharing occupancy at the silent mating-type loci with ily: Kap95, a nuclear localization sequence (NLS) binding importer, and Xpo1/CRM1, a nuclear export sequence all other components of the nuclear transport machinery examined (Supplemental Data at http://www.cell.com/ (NES)-recognizing exporter (Weis, 2003) . Finally, we obtained the genomic localization profile of the RanGEF, cgi/content/full/117/4/427/DC1), Prp20 binds preferentially to transcriptionally inactive portions of the genome termed Prp20 in yeast, an essential regulator of the nuclear transport process that associates with histones ( Figure 1D Nup2 showed strong enrichment for binding to genes formaldehyde to produce DNA-protein crosslinks. Chroinvolved in glycolysis and protein biosynthesis (p value Ͻ matin was isolated, sheared to an average size of ‫053ف‬ 0.001; Table 1 ). The glycolysis and ribosomal protein bp, and DNA fragments associated with the protein of (RP) gene categories comprise some of the most highly interest were enriched by anti-Myc IP. DNA fragments transcribed genes in yeast and are largely responsible from the IP sample and a control whole-cell extract for the transcriptional bias seen in Figure 1B . However, (WCE) were amplified by ligation-mediated PCR folenrichment for these gene classes was not universal lowed by incorporation of fluorophores. The samples among nuclear transport factors: the karyopherin were then competitively hybridized to at least three miKap95, the nucleoporins Nup60 and Nup100, and the croarrays containing all S. cerevisiae ORF sequences. RanGEF Prp20 did not show significant occupancy at glycolysis-associated genes (Table 1 ). The variation in genomic localization profiles is most notable in the case Nuclear Pore-Associated Proteins Bind of Prp20, which showed significant under-enrichment Preferentially to Transcriptionally for genes involved in protein biosynthesis and resides Active Genes at infrequently transcribed genes that are largely uninWe first sought to ascertain whether there was a correlahabited by the karyopherins and nucleoporins examined tion between transcriptional state and nuclear transport in this study. The Nup84, Nup145c, and Nsp1 genomic factor occupancy since previous studies have indicated localization profiles did not show enrichment for specific that the mating-type loci require association with the gene classes and are not shown in Table 1 . The lack of nuclear periphery to achieve proper silencing (Feuergene class enrichment may reflect either a reduced abilbach et al., 2002; Ishii et al., 2002). We therefore comity to crosslink these components to chromatin or an pared the degree to which all genes were bound and absence of Nsp1, Nup84, and Nup145c at the NPCs the transcriptional frequency of those genes, as deterbound to the previously mentioned gene classes. mined by Holstege et al. (1998) . Surprisingly, the karyopherins Xpo1, Cse1, and Kap95 as well as the nuclear pore components Nic96, Nup116, Nup2, and Nup60 and Gross inspection of the datasets led to a grouping of nuclear transport factors into three sets: proteins that looped chromosomal domains and nuclear scaffolds in yeast also show enrichment for AϩT-rich regions of DNA bound preferentially to highly expressed genes (Mlp1, Cse1, Xpo1, Mlp2, Nic96, Kap95, Nup116, Nup2, and (Amati et al., 1990; Amati and Gasser, 1988). Finally, two GϩC-rich sequences lacking cognate transcription Nup60), proteins that showed no preference with respect to highly expressed genes (Nsp1, Nup84, Nup100, factors were identified as well.
Genome-wide location analysis has been previously and Nup145c), and a protein that preferentially bound to infrequently expressed genes (Prp20). Highly expressed performed on Rap1 (Lieb et al., 2001 ), so we compared the Rap1 genomic binding dataset and our yeast nuclear genes constitute only about 15%-20% of the yeast ge- Nucleoporin and RanGEF Genomic Localization Changes in Response using such statistical grouping methods is that they do not depend on previously established gene categories.
to Transcriptional Stimulus As the nuclear transport factors bound to specific genoWe found that the PCA analysis led to groupings of the nuclear transport factor datasets in a way that could mic loci and gene classes, we asked whether the localization profiles would change in response to a transcripbe correlated with known physical and functional interactions (Figure 4) tile or greater for these genomic binding profiles. Except the Prp20/RanGEF occupancy at transcriptionally inactive genes. Upon shift to galactose, GAL gene binding for the GAL genes, the genomic localization profiles for these nuclear transport factors are largely similar in cells by Prp20 was abolished, with the four genes at the 26th percentile or lower ( Figure 5 ). This indicates that Prp20 grown in glucose and galactose (Supplemental Data online), indicating that only localized changes in nuclear is excluded from transcriptionally active genes. As with the other nuclear transport factors, the overall Prp20 organization have taken place.
In contrast, the four GAL genes were found between genomic localization profile in cells grown in glucose and galactose are similar (Supplemental Data). the 68th and 97th percentiles in the Prp20 genomic localization profile when cells are grown in glucose, reflecting
The change in nucleoporin association with the GAL pression, associated with a set of genes that was enOur results go beyond these observations by identifying the genes that normally associate with pore proriched for transcriptionally active sequences.
These experiments have led to several major concluteins in wild-type yeast, including specific gene classes that are enriched for occupancy. These functional sions. First, different nuclear transport proteins bind different subsets of genes: a large class of nuclear transgroups included ribosomal protein genes and genes involved in glycolysis and fermentation, leading to the port factors (class I; Mlp1, Cse1, Xpo1, Mlp2, Nic96, Kap95, Nup116, Nup2, and Nup60) preferentially associmore general observation that most of the nuclear transport factors associate with highly expressed genes. This ates with highly transcribed genes; a second class consisting of four nuclear pore proteins (class II; Nsp1, finding may reflect the need for boundary elements between transcriptionally inactive and active portions of Nup84, Nup100, and Nup145c) showed no preference with respect to transcription levels; and one factor, the the genome to prevent the spread of transcriptional activation; alternatively, highly transcribed genes could asRanGEF, preferentially associates with infrequently transcribed genes. Second, genes with binding sites for sociate with pores to facilitate efficient mRNA export (Figure 6 ). These two models are not mutually exclusive Rap1 are associated with a set of nuclear transport factors. Our data therefore suggest a role for Rap1 as and would suggest that the NPC plays multiple roles in nuclear organization. a general factor that might mediate anchoring of DNA to the nuclear periphery. Third, the interaction between highly transcribed genes and a subset of nuclear pore Rap1 Site Enrichment in Genes proteins predicts that at least some genes move to the Bound by the NPC pore upon transcriptional activation. Using FISH and
We analyzed the 5Ј noncoding sequences of preferenconfocal microscopy, we confirmed that the GAL genes tially bound genes for common sequence motifs ( 
